INTRODUCTION
It is now well established that light rays of the same spectral character and physical intensity entering the eye through different points of the pupil may produce visual impressions which differ in brightness and colour even though the patch of retina stimulated (the fovea) is kept the same.* Rays entering the eye through different points of the pupil and terminating on the same point of the retina are incident on the retina in different directions. Also, they have traversed different paths in the refractive media of the eye and may have suffered different losses by absorption, scattering or reflexion. It has been shown, however, that differences in the light losses in the refractive media do not account for the observed variations in visual response, which must therefore be attributed to variations in the reaction of the retina to light incident on it in different directions or, briefly, to a
It is now well established that light rays of the same spectral character and physical intensity entering the eye through different points of the pupil may produce visual impressions which differ in brightness and colour even though the patch of retina stimulated (the fovea) is kept the same.* Rays entering the eye through different points of the pupil and terminating on the same point of the retina are incident on the retina in different directions. Also, they have traversed different paths in the refractive media of the eye and may have suffered different losses by absorption, scattering or reflexion. It has been shown, however, that differences in the light losses in the refractive media do not account for the observed variations in visual response, which must therefore be attributed to variations in the reaction of the retina to light incident on it in different directions or, briefly, to a directional sensitivity of the retina. Further evidence that this is so is given later in the paper (p. 81).
The first measurements of the directional sensitivity of the retina were made by photometric methods. The rays from one part of a photometric matching field entered the eye as a narrow pencil through a fixed point of the pupil. The point of entry of the pencil of rays from the other part could be varied. The intensity of this pencil could also be varied so as to bring the two parts to equality of brightness. Thus it was possible to determine the relative physical intensities of rays entering through different points of the pupil and producing the same subjective brightness. The relative luminous efficiency y of a ray entering through a particular point of the pupil was defined to be inversely proportional to the physical intensity required to produce a given subjective brightness. It was found (a) that the relative luminous efficiency is maximal for a certain point of entry P,, which is generally situated near the centre of the pupil, (b) that if y is put equal to unity for a ray entering at P, then its value for a ray entering at a point P displaced r mm. from P,, is given approximately by the expression y = 10-r2, where p is a constant equal to about 0-05, (c) that the value of p shows a small systematic variation with wave-length, being greatest in the blue, less in the red and least in the yellow. It was also found that the colour impression produced by monochromatic light of given wave-length varies as the point of entry of the ray is traversed across the pupil.
The results summarized above all refer to foveal vision of a photometric or colorimetric matching field. A different approach to the problem of retinal sensitivity is provided by the measurement of absolute thresholds and difference thresholds. In recent work a type of threshold measurement has been developed on the following lines. The eye views a given distribution of brightness (the conditioning stimulation) and at a given instant, an additional stimulus (the test stimulus) is applied over a given area of the field for a given time. The subject signifies whether or not the application of the test stimulus calls forth any visual impression. No analysis of the visual impression by the subject is required. He has not to decide, for example, whether he perceives a change of brightness or of colour. By successive trials using different intensities of the test stimulus, it is possible to determine the intensity at which the subject has a 50 % chance of perceiving the test stimulus. The intensity so obtained is termed the liminal brightness increment (l.b.i.). Usually the test stimulus is a small patch of light exposed for a brief interval of time. With the same conditioning stimulation, the variation of the l.b.i. with a property of the test Vol. CXXVII. B. stimulus, such as its angular size, its exposure time or, for a monochromatic test stimulus, its wave-length, can be studied. In addition the effect of changes in the conditioning stimulation may be determined. For the purposes of this paper retinal sensitivity will be defined as the reciprocal of the l.b.i.
Measurements of the l.b.i. are much less precise than photometric measurements of brightness. On the other hand, the l.b.i. can be determined for any retinal area, foveal or extrafoveal, and the eye need not be in a steady state. The test stimulus will not in general disturb appreciably the state of adaptation of the retina. This is a valuable feature of the method, enabling us to determine, for example, the sensitivity of the retina to light of one wave-length when it is adapted to light of another wave-length.
In the present investigation the directional sensitivity of the retina has been studied by determining the variation of the l.b.i. as the position in the pupil of the point of entry of the rays constituting the test stimulus is varied. Both foveal and parafoveal vision of the test stimulus were employed. The conditioning stimulation consisted of a uniformly bright circular patch of light at the centre of which the test stimulus was applied. The case in which both test stimulus and conditioning stimulation are of white light has already been examined by Crawford (I937). In the present measurements, small bands of the spectrum were used for both test stimulus and conditioning stimulation. Crawford's results and those of the present paper show that the directional sensitivity of the parafoveal retina is very different for conditioning stimulations of high and low brightnesses respectively. This difference is here attributed to a transition from rod to cone vision as the brightness of the conditioning stimulation is raised. For many of the observations we are able to say whether the test stimulus was perceived by rod or by cone vision by considering the way in which the l.b.i. varies with the wave-length of the test stimulus and the intensity and wave-length of the conditioning stimulation.
The directional sensitivity of the foveal retina shows small but definite variations with the brightness of the conditioning stimulation which appear only for certain combinations of the wave-lengths of test stimulus and conditioning stimulation. These variations are attributed to transitions from vision by one type of cone to vision by another type. It proves possible to distinguish between perception of the test stimulus by different types of cone in foveal vision in much the same way as we distinguish between perception by rods and by cones in parafoveal vision. In the process, we obtain information about the spectral sensitivities of the different types of cone.
The directional sensitivity of the retina
THE SUBJECT'S CONDITIONS OF OBSERVATION
The subject sat in a curtained enclosure and maintained his head in a fixed position by biting on a sealing-wax bit which was rigidly attached to the apparatus. He observed with one eye only, the other eye being covered with an eye shade. His field of view for parafoveal and foveal observation of the test stimulus is shown diagrammatically in figs. la and 1 b respectively. For parafoveal observation, he directed his gaze at one of the two feeble points of light F1 and F2 (fixation points), the one not in use being removed from the field. For foveal observation, he looked towards the centre of the square of 3? side defined by the four feeble points of light NI, N, N3, NV , (orientation points). The test stimulus S appeared to him as a square patch of light of 1-04? side, exposed for 0-063 sec. at regular intervals once in every 3-6 sec. For foveal observation, the test stimulus appeared at the centre of the square N1 N2 N3 N4 and for parafoveal observation at a point separated by 5? from the appropriate fixation point and in the position S shown in the figure. An audible signal, repeated just after each exposure, marked time for the subject. The subject held in his hand two keys, one of which he operated when he perceived the test stimulus and the other when he failed to do so.
The conditioning stimulation appeared to the subject as a uniformly bright and approximately circular patch of light of diameter 10? (the central field C), outside which the brightness of the field was zero. In an important special case the brightness of this central field was also zero. The test stimulus always appeared in the centre of the central field.
Prior to the commencement of a series of measurements the subject remained in the dark for a period up to 1 hr. depending on the nature of the measurements. The pupil of his observing eye was dilated when necessary by administering a few drops of a 5 % solution of euphthalmine hydrochloride about 1 hr. before the measurements.
APPARATUS AND METHOD
The main principle of the apparatus is made clear by fig. 2 . A parallel beam of light provided by spectrometer II is partially transmitted by the cube C and is brought to a focus 02 in the plane of the subject's pupil at 0 by the lens L3. This beam is seen by the subject as a uniformly bright patch of light which forms the central field of the conditioning stimulation. A parallel beam from spectrometer I is delimited by a square aperture in the diaphragm T3, is partially reflected at the diagonal surface in the cube C 5-2 and is finally brought to a focus ow in the plane of the subject's pupil by the lens L3. The diaphragm T is so placed that the subject sees a virtual image of the square aperture at infinity. This image forms the test stimulus. It is important to note that in the area of the field of view occupied by the test stimulus, the eye receives radiation from both the test stimulus and the conditioning stimulation; thus in this sense, the test stimulus is added to or superposed on the conditioning stimulation. The fixation and orientation points are introduced from the side by reflexion in a thin plain glass plate M inserted in the parallel beam from spectrometer II. The rays forming a particular fixation or orientation point are reflected by M to form a real image in the plane K which is the focal plane of the lens L3. This real image when seen through the lens L3 appears to the subject as a virtual image at infinity.
By slight rotations of the cube C the test stimulus beam can be sent into the eye through different points of the pupil, while the point of entry of the beam forming the central field remains practically unchanged. After such a rotation of cube C, the diaphragm T3 must be readjusted by a displacement in its own plane to restore the test stimulus to its original position in the subject's field of view.
A diagram of the complete apparatus is shown in fig. 3 . As the apparatus differs little from that described in a previous paper (Stiles I937), it will suffice to indicate its main features and such changes and additions as have been made.
Images of the ribbon filament source S1 are formed on the entrance slits of the two spectrometers I and II. The rays from the exit slit of spectrometer I pass through the continuous wedge W1 and the step-wedge W2 and are rendered parallel by the lens L2. The rays from the exit slit of spectrometer II pass through the continuous wedge W3 and are rendered parallel by lens L4. The two parallel beams from the spectrometers are then focused to give images o, and 2 of the respective exit slits at the subject's eye, as already explained. The auxiliary optical system L7-G-E enables the relative positions of the slit images to be determined without disturbing the subject.
At R, a shutter is interposed in the beam of spectrometer I. The shutter consists of two rotating disks geared together so that one rotates three times for each rotation of the other. There is an indentation in the periphery of each disk and light is passed by the shutter only when the two indentations come into coincidence opposite the entrance slit of the spectrometer. The width of the indentation in the faster disk, the radius of this disk and its speed of rotation determine the exposure time of the test stimulus. The use of two disks in this way, rather than a single disk, gives a shutter of higher efficiency. The slower disk carries contacts operating a buzzer once in every 3-6 sec. The thread controlling the position of the step wedge W2 is connected to a carriage moving on rails across a wide strip of recording paper which is given a slow motion in the direction of its length. Two pens, marking in different colours and operated by the keys in the subject's hands, are fixed to the carriage. Between successive exposures of the test stimulus the carriage is moved to bring different steps of the wedge WJ into the beam so that on the paper a record is obtained of the subject's responses to different intensities of the test stimulus.
Stray light filters and neutral filters can be inserted in the beam of spectrometer I, of spectrometer II or in the common beam at FI, FIi, FC respectively.
The fixation or orientation points are obtained in the following manner. An opal lamp S2 placed at the focus of lens L, is imaged at the focus of the similar lens L9, the image being at the focus of lens L10, so that finally an image of the lamp is formed on the eye by the lens L3. Between lenses Ls and L9 a metal diaphragm T4 is inserted containing one or four small holes (fixation or orientation points respectively). The images of these holes formed by lens L10 are arranged to lie in the focal plane of lens L3 (allowing for reflection in lM) so that the subject sees the fixation or orientation points at infinity. A resistance enables the subject to adjust the intensity of the lamp S2 and colour filters can be inserted in the beam if required.
The positioning of the eye with respect to the slit images o( and (2 and the measurement of the separation of (o and w2 were carried out by methods similar to those previously described. When filters were inserted at F,, a slight displacement of the images 1_ and o2 usually occurred. The images were restored to their correct positions by a suitable shift of the lens L3 in its own plane.
The method of calculating the intensities of the areas of the subject's field of view illuminated by the two spectrometers was the same as in the UA is the energy of the test stimulus at which the subject's response is as likely to be "seen" as "not seen". UA is accepted as the value of the l.b.i. yielded by the measurement. Corresponding to each determination of U.
we obtain in h an estimate of the sharpness of the liminal value, or of the extent to which the critical intensity referred to in (i) above varies from exposure to exposure.
In the first measurements a determination of the l.b.i. was based on sixty exposures, made up of five exposures each of nine consecutive steps of wedge W2, which were known from a preliminary rough setting by the subject to embrace the liminal value, together with fifteen blanks (test stimuli of zero intensity). The sixty exposures were presented in random order. It was soon found that a "seen" response to a blank was obtained only very rarely. For the bulk of the measurements the stimuli were presented in order of decreasing or increasing intensity, the step wedge being moved one step after each exposure. Each succession of exposures covered the range from "certainly seen" to "certainly not seen" or vice versa. Three successions of exposures with increasing intensity and two with decreasing intensity completed the measurement. No blanks were included. Tests showed that this method gave about the same values of the l.b.i. as the first method but the precision was a little better; it imposed less strain on the subject and called for a less precise preliminary setting. It was adhered to for all the subsequent measurements. variation of log1l U and an arbitrary constant has been added to the absolute values for each curve to give a convenient spacing of the different curves in the figure. In the figure the scale of log1o UA has been taken to be increasing in the downwards direction, so that the curves represent the variation of (-log1o UA) = log1, /U with respect to a similar scale increasing in the upwards direction. The curves show that the sensitivity of the dark-adapted parafoveal retina is practically non-directional for test stimuli in the blue-green but exhibits a slight directional effect in the yellow, which becomes well defined in passing through orange to red. In the violet there appears to be a slight effect in the reverse sense. Similar measurements for foveal vision of the test stimulus are given in fig. 6 . The familiar difficulties in measuring the foveal threshold (save in the red end of the spectrum), due to the greater sensitivity of the parafovea, are accentuated when the rays enter near the edge of the pupil. This is so because the parafoveal sensitivity is maintained while the foveal sensitivity falls off as the point of entry moves from centre to periphery of the pupil.
SPECIFICATION OF THE DIRECTION OF INCIDENCE OF
Fortunately with practice the subject can tell from the appearance of the test stimulus whether his fixation has wandered so that he is using parafoveal instead of foveal vision. When this occurred, the subject operated neither key and the exposure was repeated. It sometimes happened when the test stimulus was correctly fixated, that the light scattered or irregularly reflected in the eye could be seen parafoveally although the normal image of the test stimulus produced no response. This was not accepted as vision of the test stimulus.
The curves of fig. 6 show that the sensitivity of the dark-adapted foveal retina exhibits a pronounced directional effect whatever the wave-length of the test stimulus.
It is appropriate to compare the variation of log10(l/UA) with point of entry and the corresponding variation of loglo0, where V is the relative luminous efficiency obtained in brightness matching measurements. The variation of log10(1/Ua) can in fact be represented to a first approximation by the empirical formula: determination of dm in the vertical and horizontal diameters for a large number of eyes would be of considerable interest.
Further measurements of the effect of wave-length on the directional sensitivity were made by the two-point method, in which logO1 U is determined for two points of entry, Po, at or near the point giving maximal sensitivity (central entry) and Pp, near the periphery of the pupil (peripheral entry). M'easurements were made for a series of wave-lengths spanning the spectrum in one run. From the two values of log10 U obtained for each wave-length and from the co-ordinates do and dp of the points P, and PP, the value of PA was computed using formula (1) We may sum up the above results as follows: the sensitivity of the darkadapted parafovea is nearly independent of the direction of incidence of the light on the retina except for wave-lengths in the orange and red. The sensitivity of the dark-adapted fovea shows a pronounced variation with direction of incidence for all wave-lengths. The magnitude of the directional effect for the fovea varies to a limited extent with wave-length and the variation resembles that found in the earlier experiments by the brightness-matching method. In parafoveal observation of a coloured test stimulus, the fact that the test stimulus is coloured can be appreciated only when its intensity exceeds a certain multiple of the threshold value. This multiple, known as the photochromatic ratio, was observed to be greater for peripheral entry than for central entry of the light rays in the pupil. For example, at 700 m/u it had on the average the value 1*4 for central, and 2-5 for peripheral entry. At shorter wave-lengths, the values were of course very much larger but showed a difference in the same sense between central and peripheral entry. . 19) , the cone section of curve I extends from the highest brightness levels down to a brightness (loglOW =6.2 approx.) where the curve becomes nearly horizontal and the l.b.i. of the cones has become constant. We may take a tracing of this pure cone curve and try to fit it over the cone sections of the curves for other combinations A, /u, which have an identifiable cone section. The process is much less satisfactory than in the case of the rods, partly because for most of the available curves the mixed section of the curve where both rods and cones are operative intervenes before the flat part of the cone curve is reached.
A more radical difficulty is revealed by the measurements for the combination A = 500, / = 580 ( fig. 23) . The curves of loglo0U against loglOW, show a sharp "change of law" when log10W, is in the neighbourhood of 2 and at about the same brightness PA rises sharply. As before we attribute these features to a transition from rod to cone vision of the test stimulus.
Comparing curves I and II of fig. 23 with the corresponding curves of fig. 15 for which /t has the same value (580 m/u), it is easy to see that the cone sections for the two cases cannot arise from a curve of fixed shape which is merely displaced parallel to the axis of log10 UA by varying amounts depending on the value of A. If this were so the gradients of the cone sections in figs. 23 and 15 at a given value of log0 W, would be the same, for these gradients are unaffected by displacements parallel to the axis of log0OUA. Actually at loglOW, =26, the gradient (tangent) of curve I equals 0-2 in fig. 23 and 1-0 in fig. 15 . Similarly, if we compare the cone sections of fig. 23 with those of fig. 14 for which A has the same value, it is clear that the cone sections for the two cases cannot arise from a curve of fixed shape which is merely displaced parallel to the axis of logl0W,T by varying amounts depending on the value of ,u.
It must be concluded from the above that the cone curves for different combinations A, /a cannot be represented by an expression similar to (4). Other anomalies in the cone curves confirm this conclusion. Thus the simple idea of a curve of fixed shape which is displaced parallel to the axes of log10 U and log10W, by amounts depending on the values of A and /t respectively, breaks down for cone vision although it holds for rod vision. The more complex behaviour of the parafoveal cones is elucidated by the measurements for foveal vision of the stimulus which give the response of a cone system unobscured by the presence of a rod response. It appears that to explain the response of the cones the duplicity theory must be supplemented with the idea of three distinctive types of cone, an idea which is, of course, inherent in many forms of the trichromatic theory.
CENTRAL FIELD ILLUMINATED: FOVEA
When the eye is adapted to a field of zero brightness, the fovea exhibits a pronounced directional sensitivity for all wave-lengths of the test stimulus. Measurements made with the central field illuminated show that this pronounced directional sensitivity is retained whatever the intensity and wave-length of the central field. These measurements consisted in the main of two-point determinations in which A and /u were kept constant while the energy intensity of the central field W was increased in steps from zero upwards. The determination of logl0UA for "central" entry of the test stimulus was made at do = + -or + 1 mm. (temporal) as it was known that for the fovea of this eye dm equalled about 0-9 mm. The determination for peripheral entry was made, in most cases, at dp = -3 mm. 
1A/(U) = r{RW,R,} 10-PA(d-dm),
where g^, G, pag and rA, RI, and pA, have similar definitions to those given for bA, B, and pb. The above expressions would then take the place of the single expression (6) for the X cones. Many more measurements will be required for the full working out of this view since it appears that the spectral sensitivities of the red and green systems do not differ so radically as do those of the blue and X systems. given by curves B, G and R. We have been able to proceed without defining precisely how this is to be done by assuming that log10 U will not exceed the smallest of logl0(UA)b, log10(U)ag and log10(Ua), and will be actually equal to it except when the smallest and the next smallest have about the same value. Further work on this point is necessary.
For parafoveal vision it has been shown that the rods give rise to a curve of log10UA against log10W,) which has the shape of curve 1 of fig. 36 and whose position with respect to the axes is fixed, in any given case, by the values of loglo0s and log10S,. The relation between log10UA and log10oW given by the parafoveal cones cannot be represented in this simple way. By assuming that the parafoveal cones, like the foveal cones, consist of three species, each with its own spectral sensitivities to test stimulus and conditioning stimulation, we can explain the parafoveal measurements. If the parafoveal and foveal cones had identical properties it would only be necessary to add the rod curve as a fourth component curve in fig. 44 and determine the resultant of the four component curves so obtained. When this is done the resultant curves for different combinations A and / reproduce the main features of the experimental curves for parafoveal vision, and show anomalies of the kind noted at the end of ? 7. However, the agreement in the cone regions of the curves is not quantitative, and we must conclude that there are significant differences in the spectral sensitivities of the parafoveal and foveal cones of corresponding type. On the other hand, the shape of the individual cone component curves is probably the same for both parafovea and fovea. Thus, a tracing of curve 2 of fig. 36 can be fitted over the cone sections of curves I and II in fig. 19 .
Evidence for the existence of three types of cone and a first crude determination of the unique set of spectral sensitivity curves for these types have been obtained in this investigation by a method completely independent of colour-matching measurements. The precise connexion between the three mechanisms demanded by colour-matching experiments and the three types of cone assumed here must be close but it remains to be elucidated.
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SUMMARY
A light ray terminating on a given point of the retina has different visual effects depending on its direction of incidence on the retina. The direction of incidence can be varied by sending the ray into the eye through different points of the pupil opening. The primary object of this work was to determine the effect of direction of incidence on threshold sensitivity but the results obtained cover the wider problem of the dependence of threshold sensitivity on the condition of stimulation of the retina. The test stimulus was a patch of light of diameter 1? and of wave-length A, exposed for a fraction of a second every few seconds. UA, the smallest perceptible intensity of the test stimulus, was measured in energy units, the sensitivity then being defined as 1/UA. With parafoveal vision of the test stimulus by the dark-adapted eye it was found that direction of incidence had little effect on sensitivity when A was less than 580 m,/ but a pronounced effect for longer wave-lengths. The dark-adapted fovea gave a pronounced directional effect at all wave-lengths.
The condition of the retina was modified by making the subject view a patch of light of diameter 10? (wave-length Iu, and intensity W,) at whose centre the test stimulus was applied as an additional stimulus. For parafoveal vision, the directional effect showed a marked increase in passing
